A saturated silty soil sample is centrifuged in a geotechnical centrifuge to create an unsaturated state. The change in water content of the soil sample is recorded at different points along the length of the sample to obtain the water-content profile, which is then used to obtain the unsaturated hydraulic conductivity of the soil sample. These hydraulic conductivity values are compared with those obtained and reported by previous researchers by conducting accelerated falling-head tests on this soil sample in a centrifuge. The study demonstrates the use of centrifugation techniques to obtain hydraulic conductivities of unsaturated soils.
Introduction
Unsaturated soils are encountered in the compacted clay covers and linings of waste-management facilities (Fredlund 1995) . The basic purpose of these covers and linings is to minimize fluid flow and contain liquids that might contaminate the subsurface soil and the water table. Studies have revealed that one of the most important factors governing the performance of these containment systems is the soil hydraulic conductivity (Fredlund 1995) , which mainly depends on the water content, dry density, and degree of saturation (i.e., the compaction state) of the soil (Gourley and Schreiner 1995) . The movement of moisture, and hence the spread of contaminant, takes place in the region surrounding the waste-containment area, which is mostly unsaturated (vadose zone). This necessitates estimation of unsaturated soil hydraulic conductivity, which would help in designing an efficient containment system (Rahardjo et al. 1995) .
Various researchers have tried to evaluate hydraulic conductivity of soils by conducting either laboratory experiments (Bjerrum and Huder 1957; Daniel et al. 1985; Chapuis 1990; Fleureau and Taibi 1995; Huang et al. 1995; Uno et al. 1995) or in situ studies (Bouma et al. 1971; Daniel and Trautwein 1986; Little et al. 1995; Ankey et al. 1991) . These methods have been classified as direct methods and indirect methods. The direct methods are quite tedious and time consuming and require expensive experimental setups (Stephens 1996) . Indirect methods, which employ volumetric properties of the soil and the soil-water characteristic curve (SWCC), are frequently adopted. Integration along the SWCC provides a measure of the quantity of water in the soil which can then be used to estimate the soil hydraulic conductivity (Ray and Morris 1995; Takeshita and Kohno 1995) .
Researchers have often conducted column studies (Richard and Weeks 1953; Bruce and Klute 1956 ) to study flow through unsaturated soils. Both steady-state (Uno et al. 1995; Fleureau and Taibi 1995) and transient methods (Klute 1972) have been used for this purpose. The steady-state methods are primarily laboratory methods and can be conducted on disturbed and undisturbed soil samples. These methods are generally not adopted, however, as considerable time (weeks or months) is required to attain steady-state flow through a soil sample, particularly if it is unsaturated. In such a situation, the transient (unsteady-state) methods is adopted wherein the time dependence of some aspect of the flow is used to obtain the soil hydraulic conductivity, or soilwater diffusivity. Although the transient or unsteady-state methods do not require a complicated setup, they lead to considerable difficulty in measuring soil parameters at different points inside the soil sample and interpreting the obtained data. For unsaturated soils, however, with low hydraulic conductivity, considerably more time is required to attain a steady-state condition.
To overcome these shortcomings, researchers have adopted ultracentrifuges ) that can measure hydraulic conductivities of the order of -10 -10 cm/s at low water contents and have the added advantage of achieving steady-state flow within a short span of time. Also, good agreement has been observed between the results obtained by this method and those estimated by the procedures of van Genuchten (1980) and Mualem (1976) using the measured soil-water retention data of the soil (Nimmo et al. 1987; Wright et al. 1994) . During centrifugation, steadystate flow is achieved by open flow, wherein water is allowed to enter the sample during centrifugation. In closedflow centrifugation, however, where no fluid enters the sample during centrifugation, transient flow methods can be used for estimation of hydraulic conductivity.
The potential of a geotechnical centrifuge as a modelling tool has been tested in recent years to check clay liner hydraulic conductivity and compatibility and possible transport mechanisms (Yanful et al. 1990; Airey 1993; Mitchell 1994; Theriault and Mitchell 1997; Singh and Gupta 2000) and to investigate different geoenvironmental engineering problems, particularly where transport mechanisms in soils are to be studied (Zimmie et al. 1994 ). This motivated the authors to demonstrate the utility of the centrifugation technique for estimating the hydraulic conductivity of unsaturated soils. As such, an effort is made in this study to use a geotechnical centrifuge to create an unsaturated state of the soil, with closed-flow centrifugation, for different periods of time and acceleration levels. The results obtained and the principles governing transient flow are used to determine unsaturated soil hydraulic conductivity.
Basic principle
A geotechnical centrifuge can create an unsaturated soil when a saturated soil is subjected to centrifugation. Centrifugation offers an extraordinary saving of time, compared with other methods of measuring soil hydraulic conductivity, and has been extensively used to study flow through saturated and unsaturated soils (Cargill and Ko 1983; Cooke and Mitchell 1991; Nimmo and Mello 1991; Cooke 1994; Singh and Gupta 2000) . Open-flow centrifugation aims at establishing steady-state flow through the sample while it is spinning in the centrifuge and computing the hydraulic conductivity using Darcy's equation (Stephens 1996) .
Closed-flow centrifugation, where the water gradually drains out the of the sample during spinning, is used to determine unsaturated soil hydraulic conductivity, as discussed in the following. During centrifugation, since the centrifugal force is in the outward direction on the water molecules, the negative pressure gradient acts inward. Capillary pressure is set up within the soil sample which varies along the length of the sample, varying from zero at one end of the sample, where it is open to the atmosphere, to a maximum value at the inner end of the sample. At each rotational speed the sample drains until the capillary force is equal and opposite to the centrifugal force on the water molecules. After centrifuging the sample, the final water-content distribution along the sample length is determined by slicing it into six layers and measuring the gravimetric water content of these layers. Figure 1 gives a schematic representation of the test setup.
The suction p c , in centimetres of water column, created within the sample when it is rotated in the centrifuge at an angular velocity ω can be determined using (Corey 1977) [
where ρ w is the density of water (in g/cm 3 ), ω is the angular velocity (in rad/s), R is the distance of the outer end of the sample from the axis of rotation (= 29.5 cm), r is the distance of a point in the soil sample from the axis of rotation (in cm), and g is Earth's acceleration due to gravity (= 981 cm/s 2 ). On the basis of literature reviewed (Stephens 1996) , it is understood that while analysing the flow through soils it is also possible to use transient flow techniques, like the instantaneous profile method (Watson 1966) where disturbed or undisturbed soil samples are subjected to known infiltration or drainage rates. By applying the law of mass conservation between two points a and b (a > b) along the soil column, the Darcy velocity at a point a for time interval ∆t (= t 1 -t 2 ), using the measured values of water content at times t 1 and t 2 , can be obtained using where V a,t and V b,t are the Darcy velocities at r = r a and r = r b (r a > r b ), respectively, at time t; ∆t is the time interval between the measurements of the change in water content at r a ; and ∆θ is the change in volumetric water content at r = r a , for time interval ∆t. Using this principle and extending it to the case of flowdrainage of water from top to bottom of the centrifuged sample, applying eq. [2], we get 
∆ ∆θd
As the sample is draining from a state close to saturation, and there is no inflow from the top of the sample, V b,t = 0 in eq. [2] . The change in volumetric water content, ∆θ, appearing in eq. [3] can be obtained with the help of following expression: where γ d is the dry unit weight of the soil, γ w is the unit weight of water, and ∆w is the change in gravimetric water content. Further, the soil hydraulic conductivity K(ψ) under the effect of the hydraulic gradient i
can be obtained by solving the following relationship:
where V is the Darcy velocity; k u is the unsaturated soil hydraulic conductivity; and ∆p c is the difference in suction pressure at two points along the sample length, l m .
Experimental investigations
A silty soil was used in the present study and its physical, gradational, and standard Proctor compaction characteristics are presented in Table 1 (Singh and Gupta 2000) .
Test methodology
An adequate amount of the oven-dried soil was mixed with water to achieve a water content of 22.8%. The soil was then stored for 24 h in airtight bags, for preconditioning and maturing. The matured soil was compacted in a graduated Perspex cylinder with an inner diameter of 35.0 mm and length of 100 mm (as shown in Fig. 2 ). Graduations on the cylinder helped in achieving (i) the desired unit weight, and (ii) the volumetric deformation of the soil sample, if any, during centrifugation. The compaction was completed in six layers, giving 20 blows per layer, with the help of a flat bottom hand rammer to achieve a 60 mm high soil sample. The sample (dry unit weight γ d = 16.5 kN/m 3 and degree of saturation S r = 92.2%) was then used for the centrifuge tests. To ensure the homogeneity of the soil sample, in terms of its water content, a sample was extruded onto a glass plate and cut into six 10 mm thick slices. Gravimetric water content of the slices, from top to bottom of the sample, was 21.8, 22.3, 22.4, 23.2, 23.5, and 22.9% . These values are very close to the moulding water content (w o = 22.8%), and for all practical purposes it can be assumed that the water content in the soil sample is homogeneous.
To create an unsaturated state of the soil sample, and hence to estimate its unsaturated soil hydraulic conductivity, identical soil samples were subjected to centrifugation at different acceleration levels, Ng (where N = 50, 75, 100, 125), and different periods of time (15, 30, 60, 120, 240, 480, and 960 min) . Details of the geotechnical centrifuge are presented in Table 2 .
Through the observation window of the centrifuge, the height of the soil sample during its flight, for various N values, was monitored continuously. The soil sample did not undergo any volumetric deformation (i.e., either swelling or shrinkage). This observation is consistent with the fact that for the soil used in the study the plasticity index is only 13%.
Results and discussions
After completion of the centrifugation, the soil sample was sectioned in 10 mm thick slices and the water contents of these slices were determined (Madhuri 1999) . All water contents have been normalized with respect to the initial moulding water content of the sample (w o = 22.8%), as depicted in Table 3 . In general, water contents increase from top to bottom in the soil sample. However, the loss in water content is greater for higher values of N and longer centrifugation times. A significant loss in water content occurs only for centrifugation times ≥ 480 min. As such, the results obtained for 480 and 960 min of centrifugation are analyzed (as presented in Table 4 ) further to obtain the normalized water content, the magnitude of suction created, and the saturation of the soil sample. The variation of normalized water content, w/w o , along the length of the soil sample (prototype) for 480 and 960 min of centrifugation is shown in Figs. 3a and 3b , respectively. The normalized water content of the soil sample decreases with an increase in centrifugation time and N value. As shown in Fig. 3 , the maximum effect of centrifugation is at the top of the sample (bound A-B) as compared with that at the bottom (bound A-C). These bounds can be used to estimate the normalized water content of the prototype soil column of a certain thickness. A 10 mm thick soil slice represents an average water content over a prototype soil column of thickness 0.5, 0.75, 1.0, and 1.25 m corresponding to N = 50, 75, 100, and 125, respectively. Using eq.
[1], the magnitude of suction (p c ) created in the soil sample is computed (as presented in Table 4 ). In general, the sample top and bottom exhibit maximum and minimum suction pressures, respectively. This may be attributed to the capillary suction gradients imposed across the sample length as it is rotated in the centrifuge. Incidentally, these trends are similar to the findings of Corey (1977) .
From the data presented in Table 4 , a centrifugation time of 480 min results in a state of the soil sample with saturation varying from 59.3 to 86.0%. On the other hand, 960 min of centrifugation results in the state of the soil sample with saturation varying from 73 to 77%, 64 to 69%, 54 to 63%, and 47 to 56% for N values of 50, 75, 100, and 125, respectively. The initial value of S r for these soil samples was 92.2%. As such, to obtain the unsaturated hydraulic conductivity of the soil sample the normalized water contents corresponding to 960 min of centrifugation at N = 100 and 125 were used.
As presented in Table 5 , the change in water content ∆w corresponding to different values of r for different acceleration levels N and the average ∆w is computed for 960 min of centrifugation of the soil sample.
Using eq. Table 4 , the hydraulic gradient for the soil sample, centrifuged at N = 50, can be obtained as (288.48 -28.68)/5 = 51.96, and eq. [6] gives an unsaturated soil hydraulic conductivity of k u = (5.84 × 10 -6 )/51.96 = 1.12 × 10 -7 m/s. Similarly, the values of k u corresponding to N = 75, 100, and 125 have been computed and are presented in Table 6 , which also gives the average values of S r for different values of N. Table 6 shows that except for N = 50, for which S r = 75.68%, the obtained k u values are much lower (45-68%) than the saturated soil hydraulic conductivity (k sat ) values reported by Singh and Gupta (2000) for the same centrifugation effort. This indicates that k u for the soil sam- ple, for 50 < S r < 60%, can be assumed to be equal to 1.10 × 10 -7 m/s.
Validity of Darcy's law in the centrifuge
The validity of Darcy's law in the centrifuge experiments can be checked with the help of the Reynolds number (R e ):
where d is the characteristic microscopic length (= 3 µm), and v is the kinematic viscosity of water (= 1.01 × 10 -6 m 2 /s). Using eqs.
[3] and [7] , R e values for the soil samples centrifuged at different values of N are obtained and are presented in Table 7 . For all the samples, R e is less than unity, which indicates the validity of Darcy's law in the centrifuge experiments.
Development of the soil-water characteristic curves (SWCCs)
As depicted in Fig. 4 , the soil-water characteristic curves (SWCCs) have been developed, using the SoilVision 2.04 database (SoilVision Systems Ltd. 2000), for the results obtained for the soil sample centrifuged for 960 min corresponding to N = 125. For the sake of brevity, however, the SWCCs for soil samples centrifuged for 960 min at other N values are not being reported here. For developing the SWCCs, eq. [8] (Fredlund and Xing 1994) , eq. [9] (van Genuchten 1980), and eq.
[10] (Brooks and Corey 1964) have been used. For the sake of completeness, the fit equations are presented as follows and various parameters related to these fits are presented in Table 8 : where w(ψ) is the gravimetric water content at any suction ψ, w r is the residual water content (RWC), w s is the gravimetric water content at saturation, a f and a vg are soil parameters primarily dependent on the air entry value (AEV), n f and n vg are soil parameters dependent on the rate of extraction of water from the soil beyond the AEV, m f is the soil parameter which is a function of the RWC, h r is the suction (in kPa) corresponding to the RWC, m vg is a fitting parameter, a c is the bubbling pressure (in kPa), and n c is the pore-size index. Figure 4 that shows that, in general, the water content versus suction data yielded by the centrifugation technique match very well with the theoretical predictions. These SWCCs also show that the water content decreases as the suction increases. These trends are in accordance with the results presented by Leong and Rahardjo (1997) and demonstrate the usefulness of a geotechnical centrifuge in creating an unsaturated state of the soil and developing SWCCs for the soil.
Estimation of unsaturated soil hydraulic conductivity
To estimate the unsaturated hydraulic conductivity k u of the soil from the SWCCs, the SoilVision 2.04 (SoilVision Systems Ltd. 2000) database was used to estimate the saturated soil hydraulic conductivity k sat . For this purpose, eqs.
[11]- [16] proposed by Kozeny, Terzaghi, Kruger, Zamarin (Vukovic and Soro 1992) , Rawls and Brakensiek (1983) , and Rawls et al. (1993) , respectively, have been used: Table 5 . Changes in the water content of the soil sample after 960 min of centrifugation. Fig. 3 . Variation of normalized water content (w/w o ) along the length of the soil column due to its centrifugation. Singh and Gupta (2000) . Table 6 . Comparison of the unsaturated and saturated soil hydraulic conductivities.
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where k sat is in centimetres per second; d 10 is the effective grain diameter (in mm); n is the porosity; e is the voids ratio; τ is the temperature correction factor; C n is an empirical coefficient, which depends on the porosity; S and C are the sand and clay fractions, respectively, as per the U.S. Department of Agriculture classification; x is a soil-dependent constant; N is the total pore size classes; and R 1 is the average pore radius (in cm).
The k sat values estimated from eqs.
[11]- [16] are presented in Table 9 , which shows that they vary from 1.38 × 10 -7 to 26.60 × 10 -7 m/s. As expected, the unsaturated soil hydraulic conductivity (= 1.10 × 10 -7 m/s) is much lower than the saturated soil hydraulic conductivity. Further, the saturated soil hydraulic conductivity, estimated with the help of an equation suggested by Rawls et al. (1993) and equal to 2.06 × 10 -7 m/s, has been linked to different "pedo" transfer functions (represented by eqs.
[17]- [22] and termed the Kunze (KCAL), modified Campbell, Brooks and Corey, van Genuchten, Fredlund and Xing, and Campbell PTFs, respectively) , available in SoilVision 2.04 (SoilVision Systems Ltd. 2000) , to establish the variation of relative permeability (k r ) with changes in soil suction. where k sc is the calculated saturated permeability; T s is the surface tension of water; ρ w is the density of water; µ w is the viscosity of water; M is the total number of intervals between the saturated volumetric content on the SWCC; N is the total number of intervals computed between the saturated volumetric water content and zero water content; q is a constant that accounts for the interaction of pores of various sizes; k min is the minimum permeability; w is the water content; Θ is the normalized water content; P is the fitting parameter; ψ b and λ are Brooks and Corey SWCC fitting parameters, respectively; α, n, and m are the van Genuchten SWCC fitting parameters; ψ is the soil suction; ψ AEV is the soil suction corresponding to the AEV; y is a variable of integration representing the logarithm of suction; θ′ is the derivative of eq.
[21b]; C r is a constant related to the suction corresponding to the RWC; m is a parameter related to the Table 8 . Details of various parameters used in the fitting functions Brooks and Corey (1964), van Genuchten (1980) , and Fredlund and Xing (1994) .
Kozeny (Vukovic and Soro 1992) 26.60 Terzaghi (Vukovic and Soro 1992) 1.38 Rawls and Brakensiek 1983 2.55 Kruger (Vukovic and Soro 1992) 11.50 Zamarin (Vukovic and Soro 1992) 13.20 Rawls et al. 1993 2.06 RWC; n is a parameter that controls the slope at the inflection point in the SWCC; a is the air-entry value of the soil; e is the natural number (=2.71828); θ s is the saturated volumetric water content and θ is the volumetric water content at any particular suction, obtained from the SWCC curve; and b is the fitting parameter. Variation of k r with changes in soil suction for the soil sample centrifuged for 960 min at N = 125 is shown in Fig. 5 . For the sake of brevity, however, the trends for the soil samples centrifuged for 960 min corresponding to other N values are not reported here. Figure 5 shows that, in general, k r decreases as the suction increases. For N = 125, however, various PTFs yield curves that deviate slightly from one another, with the modified Campbell and Fredlund and Xing PTFs yielding the two extremes. These curves can be used to predict the unsaturated soil hydraulic conductivity, k u , for a known suction value by multiplying k r with the saturated hydraulic conductivity, k sat (2.06 × 10 -7 m/s), obtained using the equation proposed by Rawls et al. (1993) .
As centrifugation of the soil sample, for 960 min at N = 100 and N = 125, yields 5.62 ≤ p c ≤ 70.71 kPa (Table 5) , when k u for the soil is estimated in this range, with the help of different PTFs as shown in Table 10 , k u varies from 0.14 × 10 -7 to 2.06 × 10 -7 m/s. It is interesting to note that k u for the soil, obtained by the centrifugation method, as depicted in Table 6 (= 1.10 × 10 -7 m/s) falls in this range. As such, the study highlights the usefulness of centrifugation, in conjunction with the transient flow technique, for estimation of unsaturated soil hydraulic conductivity.
Conclusions
The following conclusions are drawn from the present study:
(1) The unsaturated state of the soil depends on the N value and on the time of centrifugation. A uniformly unsaturated soil state could only be obtained for N ≥ 100 after 960 min of centrifugation.
(2) Centrifugation results in the creation of suction (≤ 71 kPa) in the soil sample. The suction is highest at the top of the sample and lowest at the bottom of the sample.
(3) The unsaturated soil hydraulic conductivity, k u , for 5 ≤ p c ≤ 71 kPa can be assumed to be equal to 1.10 × 10 -7 m/s. (4) The centrifugation method yields a k u value, for S r < 60%, that is 45-68% less than the k sat value reported by Singh and Gupta (2000) for the same centrifugation effort.
(5) Theoretical (best) fits to the data obtained from centrifugation yield soil-water characteristic curves (SWCCs) for which the coefficient of regression is close to unity.
(6) The obtained SWCCs can be used to estimate the unsaturated hydraulic conductivity of a soil sample with the help of relative permeability versus suction curves. 
